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SUMMARY

Results are presented of an experimental investigation of impact-
pressure interpretation in supersonic and subsonic rarefied air streams
at Mach numbers from 0.1 to 0.7 and 1.7 to 3.4 and in the Reynolds num-
ber range from 2 to 800. A study of the effects of impact-probe size
on the accuracy of pressure measurements indicated that corrections for
viscous effects are less than 1 percent for probes in supersonic flows
at Reynolds numbers gbove 200, where the Reynolds number is based on the
velocity, density, and viscosity of the free stream, the reference dimen-
sion being the outer diameter of the probe. Viscous-effect corrections
are presented for interpretation of pressure measurements at lower Reynolds
numbers .

INTRODUCTION

Measurements of impact pressures for the determination of the speed
of an air stream require special interpretation when the Reynolds number
based on probe diameter is less than about 200. The problem of this
interpretation for the case of a probe at zero angle of atback in a rare-
fied gas stream has been the subject of several theoretical and experi-
mental investigations (refs. 1 to 6). The results of the experimental
portion of this work, as represented by reference 1 (supersonic flow)
and reference 2 (subsonic flows), have to date been labeled tentative or
preliminary but have served to indicate, for one type of impact probe,
the nature and approximate magnitude of viscous effects. For supersonic
flows the results served to identify a rough value of the Reynolds num-
ber above which viscous effects on this probe type were negligibly small.
This value was Re = 100, where the Reynolds number is based on the
velocity, density, and viscosity of the free stream and the outer diam-
eter of the impact probe.

As a conclusion to both references 1 and 2, a need was expressed
for further tests to cover wider ranges of Mach and Reynolds numbers.
The present report describes experiments designed to provide these
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extended ranges, to include a limited study of the effects of impact-
probe geometry, and to check on and to reflne the results of the earlier
work. The nature of these experiments and of their results has suggested
an organization of the report in two main sections, a principal section
presenting very brilefly the informetion necessary for the correction to
l-percent accuracy of impact-pressure measurements in a uniform free
stream, and an appendix giving the remaining details of method, technique,
and results of interest in a further pursuit of the impact-pressure prob-
lem (eppendix A). Additional appendixes describe key pileces of equipment
which were designed for these experiments and some preliminary results

of tists in a new nozzle which produces isentropic flow (appendixes B

to D).

This work was conducted at the University of California under the
sponsorship and with the financial assistance of the National Advisory
Committee for Aeronautics.

SYMBOLS
Cu dimensionless coefficient of viscous effect on impact pres-
sure, Py "lpi(id.ea.l)
2 oV
sz same coefficient, referred to dynamic pressure after a nor-
mal shock wave
d impact probe diameter, in.
£(M) function defined by equation (5)
g(M) function defined by equation (7)
h height of mercury column in McLeod gaege cepillary, in.
K numerical constant
M Mach number
n number of observations of a pressure
P pressure, p Hg

Py impact pressure, u Hg
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P1(ideal) impact pressure in an ideal, inviscid fluid, p Hg

Po stagnation-chamber pressure, p Hg

Pg free-stream static pressure, p Hg

Po cone surface pressure, p Hg

Re Reynolds number, based on probe diameter and free-stream

velocity, density, and viscosity

Reo Reynolds number based on velocity, density, and viscosity
after a normal shock

T static temperature of free stream, °F abs

To stagnation temperature, °F abs

) velocity of free stream

7 ratio of specific heats, 1.400 for air

€ probable error in a pressure measurement, p Hg

Tl viscosity of air at free-stream temperature, lb—sec/sq ft

p free-stream density

EXPERTMENTAL METHOD

Since no independent, absolute method of calibrating the velocity

of a supersonic low-density alr flow had been developed,l the experimen-
tal method was based on a comparison of the performances of different-
slzed impact probes in a given alr stream. References 1 and 2 describe
two different techniques of utilizing the comparative pressure measure-
ments. The technique applied in this work is the "extrapolation tech-
nique" of reference 2. For subsonic flows a suitable independent cali-~
bration of the jet was obtained by assuming an isentropic acceleration
from 1ts measured stagnation properties. In elther type of flow the aim
of the calibraetion is to find the Mach and Reynolds numbers of the test
and to determine the value which the Impact pressure would have if the

1y supersonic nozzle has now been designed which produces isen-
tropic flow, giving an independent celibration. (See appendix D.)
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flow were essentially inviscid. The experimental results consist of the
relation between this inviscid (or ideal) impact pressure and the meas-
ured impact pressure, as a function of Re, M, and probe geometry.

EXPERIMENTATL, APPARATUS

The tests were conducted in an open-jet, continuous-flow, nonreturn-
type wind tunnel (no. 3 wind tunnel, ref. 7). The air flow initiates in
the room, passes through driers where the dew point is lowered to about
-25° F, through a Rotameter and metering valves, into the stagnation
chanber. In this chamber the stream is broken up by baffles and screens
and has an average speed which is less than 21 feet per second, according
to the throat diameter of the nozzle. The dynamic pressure of the flow
in the stagnation chamber is always less than 0.023 percent of the meas-
ured pressure at a wall opening in the chamber. Acceleration and expan-~
sion of the flow to the desired supersonic or subsonic stream conditions
were produced by appropriate nozzles. The nozzles used were all axisym-
metrical, those producing supersonic flow being designed by a method
presented in reference 8 and the one for subsonic flow being a 9-inch-
throat-dismeter International Standards Association nozzle (ref. 9).

The diameter of approximately uniform flow varied from 2 to 4 inches in
supersonic flows and from 4 to 7 inches in subsonic streams. Downstream
of the test section the stream passes through a large manifold chember
to the intake of the stream-drive ejectors which recompress the air and
discharge it to the atmosphere.

The impact probes under test were mounted on an eight-faced rotary
probe selector which is described in appendix C. Thus a maximum of eight
impact probes could be tested consecutively in a given flow or series of
flow conditions, without need to open the tunnel test section, compared
with a maximum of two probes in the experiments of reference 1 and three
in those of reference 2.

Al]l pressure measurements involved in the experiments were made
either with a precision U-tube menometer (ref. 10) with n-butyl phthalate
as the fluid or with a special mercury Mcleod gage which 1s described in
eppendix B.

Three types of lmpact tubes were tested. Two of these had the
external geometry of an incompressible source-shaped body, differing
from each other in the relative size of the impact-pressure orifice.

The third was a straight, sharp-lipped cylinder. These shapes are shown

in figure 1. Reference 1 gives typicel coordinates for the source-shaped
profile. The three types will be designated as A, B, and C, as shown in

figure 1.
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RESULTS

For the purpose of correcting impact pressures measured with probes
of type A, B, or C to an accuracy of 1 percent, the results of the
present experiments are shown graphically in figures 2 and 3.

For use of the probe in a supersonic air stream, one graph for each
probe type shows the ratio of the measured impact pressure to the ideal
or nonviscous impact pressure plotted against the Reynolds number based
on probe diasmeter and free-stream properties. This presentation is not
particularly suited to a comparison between theory and experiment but is
easy to use and has the adventage of causing a partial collapse of the

Mach number dependence of the impact-pressure correction for 1.5 <M< 3.5.

A different presentation of results is necessary in the case of
subsonic impact pressures. In it a dimensionless pressure coefficient
is formed from the difference between measured and ideal impact pressures

divided by the dynamic pressure 32'-»pV2 of the free stream. Since no

systematic Mach number influence was detectable in a plot of this quan-
tity against the Reynolds number, the performances of the two types

(B and C) which were tested subsonically are shown in the same graph
(fig. 3).

In each of figures 2 and 3 a dashed line has been drawn by eye,
indicating the best average lmpact-pressure correctlon for the entire
present range of test conditions.

COMPARTISON WITH EARLIER EXPERTMENTAT, RESULTS

Figure 4 shows the comparison between the present results for type B
probes in supersonic flow with those of reference 1, over their common

Mach number range (nozzles 24 and 3, 2.3 <MK 3.45. The check on these
earlier results 1s seen to be very good.

Flgure 5 shows the corresponding comperison between the present
results and those of reference 2 (subsonic flows) when the stagnation-
chamber pressure is taken as the ideal impact pressure in analyzing both
sets of data. In the same graph the much earlier results of Homann
(spherical-headed impact tubes in oil channel, ref. 11) and of Barker
(straight cylindrical tubes in water pipe flow, ref. 12) are indicated
by curves fitting their data.
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CONCLUDING REMARKS

Tests have been completed which yield experimental corrections to
the measured values of impact pressure at low Reynolds numbers in both
supersonic and subsonic air streams. The corrections were determined
for three ‘different shapes of impact probe in supersonic flows and for
two shapes in subsonic flows, the probes being set at zero angle of
attack in a uniform air stream. The corrections apply directly in the
renges 1l.7<M< 3.4, 15<Re <80 and 0.1 <M<0.7, k4 <Re< 300,
where the Reynolds number is based on the velocity, density, and viscos-
ity of the undisturbed free air stream and on the outer diameter of the
impact probe. For Re > 200, the correction amounts to less than 1 per-
cent of the impact pressure except at the highest speed subsonic flows.

The agreement between experimental results and theoretical predic-
tions (discussed in detail in appendix A) is fair, becomlng better as
the boundary conditions of the theories more closely approximate those
of the experiment.

The experimental results did not determine whether or not slip or
other rarefied-gas phenomens are important within the present ranges of
M and Re.

University of California,
Berkeley, Calif., June 20, 1952.
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APPENDIX A
DETATTED DISCUSSION OF EXPERTMENTAL PROCEDURE AND RESULTS
INTRODUCTION

The main section of this report has described only the gross aspects
of the present experiments and of their results. The purpose of this
appendix is to describe and discuss in greater detall certain interesting
smaller scale characteristics of the experimental results, which were
clearly enough detectable within the limits of experimental accuracy but
which could not be correlated for easy use in lmpact-pressure correc-
tions. Also, since a relatively high degree of accuracy of measurement
is claimed for these experiments, a full statement of the experimental
technique and precautions is given along with a critical discussion of
the method of analysis of the data.

EXTRAPOIATION TECHNIQUE FOR DETERMINING

IDEAT, TMPACT PRESSURE

In the experiments on impact pressures 1n supersonic air streams,
the critical problem in the experimental method was that of inferring
the value of the ideal impact pressure at a given flow setting from a
comparison of the measured values obtained with a number of different
impact probes. The technique employed was essentially the same as that
used in reference 2. For a number of probes of the same shape, the pro-
cedure consists of plotting the measured impact pressures against the
inverse of impact-probe diameter and extrapolating a curve through the
resulting polnts to l/d = 0. The value of the pressure intercept at
thls point is taken to be the ideal impact pressure. The process of
letting 1/d approach zero is considered equivalent to letting the
Reynolds number approach infinity, all other factors in Re having been
held constant.

This method of attack seemed quite reasonable at the time of writing
of reference 2 and appeared to be substantiated by both theory and pre-
liminary experiments. Theory predicted, in particular, a nearly linear
relationship between p; and l/d, so that extrapolation should be pos-

sible to perform with ease and. accuracy, especially if a fair number of
points on the curve are known. ZIxperiments in subsonic air streams
appeared to conflrm this linearity for a narrow range of quite small
Reynolds numbers (2 < Re < 12). However, in the current experiments,
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particularly at the higher supersonic Mach numbers and Reynolds numbers
where the effect of viscosity on p; was proportionally small, curves

of p;y agalnst l/d were pronouncedly nonlinear in many cases, often

having a shape which made extrapolation to an intercept very difficult
and inaccurate (see fig. 6). This pointed out the necessity for cautious
procedure . in cases where there remains a significant gap between the
Reynolds number of the largest probe being compared and the Reynolds
number above which viscous effects are no longer detectable.

The necessity of improving the accuracy of the extrapolation pro-
cedure was the primary reason for testing more than one type of impact
probe. While the curves of p; against l/d for probes of two differ-

ent shapes in the same air stream would in general be expected to be
different, they should tend to converge on the same p; Iintercept at

l/& = 0. This requirement is in effect a hypothesis based on the obser-
vation that impact probes of all shapes sense very nearly the same pres-
sure when at zero angle of attack in a stream of negligible viscosity.
With the three probe types used the procedure was to test a sequence of
five or six probes of each type at each condition of the wind-tunnel jet,
plot all the data together as curves of py against 1/d, and then

attempt to reconcile the results in terms of three curves having the
same Pi(ideal) intercept and passing through the three sets of points.

The resulting picture mey be seen for a few cases in figure 6. (Actually,
it was not possible to test all these probes in the identicel air stream,
but a satisfactory accounting for the small discrepancies involved in
resetting wind-tumnel flow conditions was made, as explained in a later
section.)

Finally, a type of iteration process was employed to refine the
determination of the intercepts. When the data for all runs and probe
types had been reduced, in terms of the first guesses at intercepts, to
yield curves of Pi/Pi(ideal) against l/Re over the entire range of

Reynolds number, these curves served to indicate somewhat further the
correct shape of curve to draw for extrapolation purposes. Also in cases
where a slight change in the intercept removed an otherwise unexplainable
bit of scatter from the curves over the entire Reynolds number range,
this change was made. Inasmuch as the extrapolation technique of data
reduction is from the start an indirect one, it seems Justifiable to
manipulate it in this way, always aiming toward the most consistent pic-
ture of the experimental results as a whole.

In the tests in subsonic streams, this problem did not occur, or
rather it was avoilded by assuming the stream to be isentropic in its flow
from the stagnation region, since the extrapolated values of Pi(ideal)

were in excellent agreement with the measured values of the stagnation-
chamber pressure.
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EXPERTMENTAT. TECHNIQUE AND PRECAUTIONS

Equipment

Uniformity of wind-tunnel air streams.- Before performing the com-
parison tests of impact tubes, the supersonic and subsonic Jets were
surveyed with impact and static-pressure probes to determine the general
extent of their uniform flow regions and the magnitude and character of
local nonuniformities in the lmmediate vicinity of the position of the
test probes. The subsonic jet was found to be uniform (within the sen-
sitivity of the instruments) over a core of diameter from 4 to 7 inches.
The supersonic jet cores varied in diameter from 2 to 4 inches, and the
radiel veriations of Impact pressure at the nose of the test probes are
shown in figures 7(a) to T(c). These were measured at the time of the
tests with a 0.300~inch-diameter type B probe.

Size range of impact probes.- The largest diasmeter of test probe
used was 0.600 inch with supersonic nozzles 2A and 3, 1 inch with super-
sonic nozzle 6, and 1.500 inches with the subsonic nozzle. With this
size choice no evidence of blocking of the supersonic Jets was detected,
whereas the subsonic jet evidenced blocking for any probe. The probes
for use in supersonic jets were 4.5 inches long; those for subsonic Jets
were made 9 inches long, after tests showed that 15-inch-long probes
afforded no essential relief of the jet blocking effect. The minimum
allowable diameter was either 0.10 or 0.15 inch, as determined by the
time-response and outgassing equilibrium characteristics of the probe
and pressure-measuring system. Figure 8 shows representative groups of
the impact probes used in supersonic and subsonic eir streams.

Static-pressure probes.- The static pressure of the supersonic jet
was determined with the aid of a 5° semiapex angle cone probe. This
probe and its use are described in reference 7. To measure the static
pressure of the subsonic Jjet, a probe was constructed according to the
design shown in figure 9. This probe was used only to demonstrate the
constancy of static pressure across the subsonic Jet, after which static
pressures were measured with a throat tap in the nozzle.

Procedure

Ieak testing.- All probes were determined to be free from lesks,
before installation, by use of a helium mass spectrograph-type leak
detector. The entire pressure-measuring system, including the rotary
probe selector, was similarily carefully leak~tested after assembly. In
addition, further tests were performed during the course of the experi-
ments whenever the data suggested the possibility of a lesak.
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Time-response testing of probes.- Each probe, with the associated
menometer and connecting tubing, was tested for its time response to a
very rapid pressure rise in the wind tunnel from a fraction of a micron
of mercury to about 230 microns of mercury. Records of the pressure rise
in the probe-gage system for the various probes were obtained by use of
a thermistor Pirani gage (Western Electric type D176255) and a millivolt
chart recorder. The time required for the recording of 99.9 percent of
the pressure increase varied from several seconds to several minutes.

No probe was used for which this time was more than 10 minutes, or for
which the equilibrium pressure in the gage system differed measurably
from that in the tunnel.

As an added precaution during the actual measurements of impact
pPressures the thermistor gage was left installed and provided direct
evidence of steady-state conditions at each measurement.

Calibration of U-tube manometer.- The U-tube menometer was calibrated
by comparison with the Mcleod gage in the range from O to. 850 microns,
as described in reference 10. In addition, a precise specific-gravity
determination was run on a carefully outgassed sample of the manometer
oil at 71° F. The degree of agreement between the results of these two
methods is discussed in appendix B.

Tmpact-probe comparison tests.- The impact probes to be compared
during a given run were placed successively at a specified point in the
alr flow, usually on the nozzle center line. After a suitable wait for
equilibrium in the gage system, the pressure sensed by the probe was
measured by the manometer or McLeod gage. After each probe had been
tested in turn, the cycle would be repeated to obtain an estimate of the
reproducibility of the data, except in cases involving the McLeod gage,
where time limitations prohibited this repetition.

In the tests in subsonic flow the throat-tap static pressure was
measured with each impact pressure, since the throat static pressure
varied with the size of the probe in the stream. In the supersonic flow
work occasional measurements were made of the pressure in the test chamber
surrounding the fluid stream.

In the last third of the work with supersonic streams, and in all
the work with subsonic flow, the stagnation-chamber pressure was meas-
ured at each different flow setting. The stagnation temperature (approxi-
mately room temperature) was measured for each flow setting throughout
the entire experiment.
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REDUCTION AND ANALYSIS OF DATA

Extrapolation Procedure

A general description of the nature and difficulties of the extrap-
olation technique of analyzing these comparison-type data was glven in
an earlier section. The present section serves to describe the use of
"reference probes" to coordinate the data teken with the three types of
impact probe when there appeared significant discrepancies in the repro-
duction of flow conditions between runs. Supposing that three runs were
required to test all probes at a given flow setting, one reference probe
would be common to all three. The difference between its readings during
the first run and either of the subsedquent runs would simply be added to
or subtracted from all impact pressures of the later run. This procedure
seemed adequate for the small adjustments involved. The extrapolation
curves were then drawn from these adjusted pressures, as shown in a few
samples in figures 6 and 10.

Calculstion Formulas

Supersonic flow.- Given Pi(ideal)> the surface pressure on the
conical probe po, and the stagnation temperature T,, the Mach number
and Reynolds number are computed as follows:

The Mach number M 1is a tabulated function of the ratio Pi(ideal)/P2’
as explained in reference 7.

The true static pressure pg; 1s a tabulated function of M and py
(ref. 13).

The free-stream temperature is calculated from T,, M, and the
assumption of adiabatic flow from the stagnation chamber:

T=To(l+7;lM2)—l (1)

The viscosity of air at temperature T 1is taken from reference 1.

The Reynolds number is calculated from the preceding quantities and
the outside diameter of the impact tube (the asymptotic diemeter in the
case of source-shaped profiles), with the formula (the form of which is
derived in ref. 7)
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Re = 6.63 x 10-6 "Psd (2)
u\T

The units of pg, d, T, and p are as given in the 1list of symbols,
and the density of mercury is taken to be 13.54 grams per cubic centimeter.

The viscous effect on a measured impact pressure is probably best
characterized for detailed study and comparison with theory by the dimen-
sionless pressure coefficlent Cu defined by the equation

_ P4 - Pi(ideal) _ Pi = Pi(ideal)
Cu = 1 2 T ) (3)
= oV = M
o P > Ps

Actually the dynamic pressure which occurs in the denominator was calcu-

lated from a tabulated relation between Pi(ideal)’ M, and %-pv2

(ref. 15 end fig. 11).

So far all the properties teken to characterize the air stream are
those of the undisturbed free stream. It is frequently of interest to
have another set of reference properties, those resulting when the free
stream is assumed to have passed through a normal shock wave. These were
calculated by the use of tables (ref. 15) of normal shock functions for
a nonviscous fluid and are identified in this report by the subscript 2.
Some results of this calculation should be noted for a ready understanding
of the relation between final graphs of pi/pi(ideal) or Cu against Re

and of C“2 against Rey, since at a casual glance these various plots

might seem to indicate contradictory trends of viscous effect as an
explicit function of the Mach number. The result in point 1s represented
by the equation

() (®e) = [(0)] (Cup) (e2) (k)

where by the definitions of Cu and Re, and by the laws of flow through

a normal shock wave,
£(M) = (.”2)("2) (5)
LN AN
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In the plot of f(M) shown in figure 12 the point of interest is the
existence of the minimum, which occurs within the operating range of
nozzle 2A, while nozzles 3 and 6 operate at nearly equal intervals to
the right and left of the minimum, respectively.

If the results are presented in terms of the ratio Pi/Pi(ideal)
instead of Cu, the picture changes once again. This change is expressed
in the equation

Pi/Pi(idea1) = 1 + &(M)C, (6)

Where
g(M) = %’pvﬁ/gi(ideal) (7

A plot of g(M), showing the operating ranges of the three nozzles, is
given in figure 13.

In order to illustrate and emphasize the point of this discussion,
figures 11(a) to (c) have been included. They show the appearance, in
each of three presentations, of the simple expression Cu2 = lQ/Rez

(the result of theory for a source-shaped probe in incompressible flow).
Assuming this expression to give the correct description of affairs -
behind a normal shock for a probe in supersonic flows,

= £(M) x 16

C
B Re

and

Pi/bi(ideal) = 1 + g(M)£(M) x %g

Figures 11(a) and 11(b) show plots of Cu2 against 1/Re, and of C,

against l/Re. Figure 11(c) shows & plot (to the same scale as those of
figs. 2(a) to 2(c)) of Pi/Pi(ideal) against Re. The func-

tion f(M) X g(M) has a minimum at M= 2.1.

A similar example could be carried out for a case in which Cp2

decreased monotonically with M at constant Rep and would show a quite
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different (in particular, nonmonotonic) appearing Mach number dependence
in Cu or in Pi/bi(ideal) at constant Re. This example gives an

approximation to the present experimental results.

Subsonic flow.- A few modifications of this data-reduction scheme
were made for the analysis of the data taken in subsonic jets. They
were largely dictated by the amount of data scattering due to drift in
ejector performance and by an attempt to compensate for interference or
blocking effects which differed from probe to probe. Fairly satisfac-
tory results were achieved by handling the data in terms of the ratio of
Py to pg instead of in terms of these pressures individually. It

appeared that blockage effects caused roughly equal increments in py

and pg, and, since p; and pg were nearly equal in subsonic flow,

their ratio would be relatively unchanged. This was especially true at
the lowest Mach numbers, where the greatest accuracy of determination of
Pi/Ps is required to assure reasonable accuracy in M. In addition,
the pressure fluctuations from the ejectors seemed to have rather low
frequencies, so that the p; and pg4 readings teken for a glven probe

with about 5 minutes intervening between them would represent a fairly
constant operational pressure level, whereas the same two readings taeken
an hour later would each have risen a fraction of a percent. The ratio
of p;y to pg, however, would have changed much less. The magnitude of

all these effects 1s best seen in table I.

Moreover, when the extrapolation procedure was carried out on the
basis of Pi/Ps ageinst l/d, such good agreement was found with an

average value of Po/Ps that it was considered adequate to take Pi(1ideal)
and p, to be the same. This amounts to assuming isentropic flow from
the stagnation chamber to the impact probe.

According to these considerations, the data reduction was completed
as follows:

xR

M = ;—:‘j—l(g-cl>7-1 (8)
8

where the bar over any quantity indicates an arithmetic mean of all its
measured values. With this value of M and the measured or computed
velues of T,, Py, Pgs &nd p; the Reynolds number and the pressure
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coefficient Cp were computed by formulas equivalent to equations (2)
and (3):

Re = 6.6% x 106 Ifj—if (9)
T
D Pg

. N = <_0.> (10)
%Mz PS PS

If no temporal pressure changes or blocking effects had occurred, these
equations would reduce identically to equations (2) and (3).

EXPERTMENTAT. ERROR

Supersonic Flow

Pressure measurements.- All pressure measurements were taken with
the U-tube manometer. By a comparison of the calibration date of this
Instrument with data from the new Mcleod gage, the probeble error of a
given pressure measurement with the manometer was estimated to be
+0.00038 inch of n-butyl phthalate. This estimate was obtained from the
formula (ref. 16)

n 1/2

.6 *
- FE2) B -w)f ()

X=1

wvhere n 18 the number of measurements during a calibration run, p is
the menometer reading, p¥* is what the manometer should read at that
pressure according to the best straight line fitted through the calibra-
tion data, and € 1s the probable error of the reading bp.

(1) Tmpact pressure: According to the above result the proportional
probable error in py; varied between 0.3 percent at the lowest p; to

0.0k percent at the highest py.

(2) Cone surface pressure: By the same reckoning the proportional
probable error in p, veried between 2.1 and 0.3 percent. There is,

however, another major source of error in p, which i1s limited to a




16 NACA TN 2995

theoretical estimate at this time. This is the effect of low Reynolds
number on the cone surface pressure po, which is analyzed approximately

in reference 17. According to reference 17, this effect can amount to
about 5 percent of po. No experimental evidence is at hand to support

this estimate, however, since the difficulties of a comparison-type
experiment are greater for the cone static probes than for the impact
probes. It is necessary, therefore, to regard this element of uncertainty

in the experiments as unknown.2 With regard to the effect which this
possible error might have on the final plcture of the experimental results,
a recalculation of ell results including a correction to po as given

by the theory of reference 17 indicated that the corrected curves dif-
fered from the uncorrected ones only by an amount less than the uncer-
tainty of drawing either set.

(3) Ideal impact pressure: The probable error in P1(ideal) varied

between 2 to 5 microns (0.8 to 0.2 percent, the higher value occurring
at the lowest impact pressures). These estimated values were derived
from a graphical study of the extrapolation curves. An attempt to per-
form the extrapolations analytically wes abandoned as lacking sufficient
generality and theoretical basis.

Mach number, Reynolds number, and C, .- The probable errors in Mach
number, Reynolds number, and Cu are as follows:

(1) Mach number: According to the estimated values of probable
error in Pi(ideal) and po (ignoring the possibility of viscous effects

on p2), the probable error of the ratio of Pi(ideal) to ppo varies

between 2.3 and 0.4t percent, corresponding to a probable error in M of
1.5 to 0.3 percent.

(2) Reynolds number: Aside from possible errors in the assumption
of adiabatic flow from the stagnation chamber to the test point in the
nozzle, or in the viscosity data, the error in Re was an accumulation
of those in pg, M, d, and T,. Taking probable errors of 0.5 percent

2Recent experimental results in the new isentropic-flow nozzle for
M = 4.00 have shown the error in Pp to be even more serious, being on

the order of 20 percent. The resulting error in M was about ~-10 per-
cent, but the errors in dynemic pressure and Reynolds number were much
smaller (<3 percent) because of a cancellation of effects. A detalled
experimental investigation of cone probes 1s now under way in the no. 3
wind tunnel, but it is not expected that the results of this program
will seriously invalidate the impact-pressure deta as they are presented
here.
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in 4 and of 0.2 percent in T,, there results a probable error in Re
varying from 3.5 to 0.8 percent.

(3) Cu: The probable error in C}‘L was governed primarily by the
error in Pi(ideal) and ranged from 0.003 for the highest rate of flow

in nozzle 6 to 0.017 for the lowest flow rate in nozzle 2A. Results on
type C probes in nozzles 2A and 3 may be somewhat more uncertain than
this, since these probes were most influenced by the relatively large
local nonuniformities of flow in these nozzles.

Subsonic Flow

Pressure measurement with Mcleod gage.- Pending more precise meas-
urement of the capillary diameter and compression volume, the probable
error in gage readings converted to pressure is about 1 percent. The
probable error in the ratio of two nearly equal pressures, in terms of
the sensitivity of the Mcleod gage, is of major interest. If Ah is
the probable error in any height h of mercury in the Mcleod gage capil-

lary, the probable error in h2® is 2h sh. The ratio of two pres-
sures p, and p, 1s essentially the ratio of ha2 to hba. If

hy =~ hy =~ h, then the probable error in this ratio is 2J§'Ah/h. For

the precision McLeod gage, a reasonable estimate of sh 1s 0.001 inch.
If this -value is used, the probable error in the ratio of p, to py

ranges from 0.12.percent to 0.03 percent as p ranges from 35 to
850 microns, the extent of the present use of the instrument.

Pressure measurement with manometer.- The manometer was employed
for pressures from 850 microns to 3,250 microns. In this range it yielded
the ratio of two nearly equal pressures with a probable error running
from 0.13 to 0.03 percent. )

Mach number .- The uncertainty in M resulting from the probable
error in the ratio Pi/Po depends upon both the nominal value of M

and the pressure level. The results of a few limiting case calculations
are shown below:

P., microns M Probable error in M,
87 percent
1,800 0.100 +4.0
3,250 .100 +2.5
35 .600 +.2
400 -600 .05
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In many cases these errors may look unbelievaebly small, and it
should be emphasized that they reflect only the precision of pressure
measurement and include no estimate of the validity of isentropic-flow
theory in this application and so forth. In particular it is quite
impossible to estimate accurately the amount of change in M during
tests in which it was nominally constant but in which blocking effects
varied from probe to probe.

Reynolds number.- The probable error in Re amounts to about
1.5 percent more than that in M, because of the additional quantities
involved in Re; thus it ranges between extreme values of 1.5 to 6 per-
cent.

EE'_ The major contributions to the error in C came from the
errors in the ratios Pi/Ps and Po/Ps Since the difference in these

two ratios was usually very small, the proportional probable error of
the difference was often quite large The easiest way to describe the
megnitude is by reference to figure 14, where each value of C is sur-

rounded by a circle or a square, the radius or éu-edge length of which

indicates the probable error for that value. The very large errors near
the origin come from the difficult measurements at very low Mach numbers.

DISCUSSION OF EXPERIMENTAL RESULTS

Correlation of Results for Detailed Study

In the section "Reduction and Analysis of Data" various alternative
presentations of the final results of these experiments were indicated
and related to one another. A unified and detailed study of the entire
experiment is possible when C|~12 is plotted against ;/Rez for data

taken in supersonic flows and Cu is plotted against l/Re for subsonic

flows. This procedure has the advantage of allowing a direct comparison
of the test results from supersonic and subsonic air streams and the most
direct correlation with existing theories (e.g., refs. 5 and 6). A
further empirical advantage is evident in that both theory and experiment
indicate very little explicit dependence on M of such plots for probes
in & uniform subsonic stream, while the same plots for probes in a- super-
sonic free stream show a fairly uniform dependence on M (as should be
expected from the effect of the"detached shock wave). In the section
Reduction and Analysis of Data it was shown that the correlations based
on free-stream properties of the supersonic stream will not have this
last property throughout the present Mach number range.
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With reference to alternative methods of correlating the data, it
should be remarked that the plotting of pi/pi(ideal) against M/Re,

which appeared quite successful in reference 1, broke down when new data
at lower Mach numbers were included. The presentation of final results
in reference 2 also seems faulty, since the graph gives (Pi - Pi(ideal))/&@

as a function of M?/Re, with a resultant implication of slip flow through

the use of the latter parameter. Actually, the M2 belongs not over the
Re 1in the abscissa but with the pg in the denominator of the ordinate,

where it makes up (except for the factor 7/2) the dynamic pressure % pV2.

Comparison of Experiment and Theory

The final graphs of C against %/Ree are shown in figures l5(a),

Ho
15(b), and 15(c) for type A, B, and C probes, respectively. For types B
and C the same scales are used to show Cj against l/Re for these
probes in subsonic flows. The results of various theoretical calcula-
tions are compared graphically with one another in figure 16. The theo-
ries compared are:

(a) A stagnation line analysis for a source-shaped probe in an
incompressible, slightly viscous fluid (ref. 6)

(b) A similar analysis for a hemispherical-headed probe in a com~
pressible (subsonic), slightly viscous fluid, including (ref. 5) and
excluding (ref. 4) the possibility of slip at the boundary

(¢) A stagnation line analysis for the source-shaped probe in a
very viscous, incompressible fluid (ref. 6)

None of these theories pretends to offer an accurate prediction of
the present experimental results, even for subsonic air streams, since
their treatments of viscoslity and compressibility effects are all very
approximate and since the geometrical boundary conditions employed are
not those encountered in the experiment, making no allowance for the
presence of the impact-pressure orifice. One possibly significant result
to notice is the manner in which the introduction of the slip boundary
condition in reference 5 largely destroys the dependence of Cth on M

which was predicted in the case of no slip (ref. 4). No systematic
explicit variation of Cu with M was observed in the experiments in

subsonic streams, although the probable error in the experimental values
of Cu would make it difficult to define even the Mach number dependence

suggested by reference k. (This lack of an explicit dependence of Cu
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on M explains the use, in figs. 15(b) and 15(c), of a single symbol to
represent all subsonic data.)

To orient these theoretical results with respect to the present
empirical data the curve for the first-mentioned theory has been drawn
in figures 15(a) to 15(c). The theories for a slightly viscous fluid
give curves lying above the data for all three types of probe (except
for a few points), particulerly for the data teken in supersonic flow.
(This is only apparently in disagreement with the comparison between
experiment and theory shown in ref. 1 where eq. (2) and figs. 12 and 13
are in error, in that the Reynolds number in eq. (2) is based on the
radius of the impact tube instead of the diameter as stated. The eorrect
equation referred to the diameter of the impact tube is

PS PSRayleigh ‘)’—l 7+l Rell+ Kl
e
@EJ.

where in ref. 1 the subscript 1 refers to conditions behind a normal
shock. Then, for a full sphere

Pi_ (Pi) + (27 M2 . 2= 1)7M12 Gl

and for the hemisphere attached to a cylinder

2
¢lz%_23%M12 Ky = 0.643

When thls correction is made, the theoretical curves in figs. 12 and 15
are altered slightly in shape and shifted by a factor of 2 in the direc-
tion of higher Re, giving & comparison of theory and experiment which
agrees with that shown in the present report.)

While the subsonic data showed no measurable explicit Mach number
dependence, the curves of Cu2 against Rep, for the probes in a super-

sonic stream do show a fairly certain uniform trend with M, Cp2

decreasing at a given Rep, as M (free-stream) increases. These curves

approach more closely to that giving the subsonic performance of the
probe and to the theoretical estimates as the supersonic free-stream Mach
number approaches 1. Since the physical picture on which the calculation
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of 0“2 and Re, was based is that of a normal shock wave sufficiently

detached to be free of any influence of the boundary layer on the probe,
and since the bow shock wave assoclated with a blunt body in a supersonic
stream becomes more nearly normal and more distantly detached as M

approaches 1, the above result is quite reasonable. The trend of 0“2

with M at constant Re, is shown in these graphs (figs. 15(a) to 15(c))

only as the average Mach number of one nozzle differs from that of the
next but appears also throughout the variation of M obtained within

the range of operation of each nozzle. The latter variation has not been
indicated graphically because of the confusing complex of symbols neces-
sary, but the result may be seen numerically in table ITI. For very small
changes of M, the detection of a trend infringes on the limits of experi-
mental error and scatter. The most glaring exception to the general trend
is shown in figure l5(c), vhere the Cp values for type C probes at the

lowest flow rate in nozzle 2A lie far below all other results. There has
not been an opportunity to repeat the measurements to check this dis-
crepancy. ’

One of the results of the present experiments was the demonstration
of the magnitude and character of the differences in viscous effects on
the impact probes of different shapes. These differences are seen in
the graphs and can be summarized roughly in the statement that, at con-
stant M and Re, (|, decreases as the ratio of impact-pressure-orifice

diameter to outside probe diameter increases, even becoming negative in
certain ranges of M and Re for type B and C probes. This relation-
ship is true whether the probes are used in supersonic or subsonic flow,
but it appears more distinctly in the former case. The frequency of

occurrence of negative CM values among the data from subsonic flows is

negligible.

As seen in figure 2(b), the magnitude of the "reversal" of viscous
effects on the type B probes is always small, seldom amounting to more
than 1 percent of pj 1in the range of the experiments. This fact

accounts for the lack of any mention of the phenomenon in reference 1,
where it is noticeable in the data but was quite Jjustifiably considered
to be an anomalous behavior within the limits of experimental accuracy
at that time. It should also be emphasized that the reality of this
effect in the present experiments has been scrupulously criticized, espe-
cially to verify that the phenomenon is not merely a characteristic of
the particular wind-tunnel setup. In particular, tests showing the
strongest reversal were repeated with the probe located away from the
nozzle axis, where the condition of local flow nonuniformities would be
different from that existing at the axis, and where interferences between
the probe and the Jjet boundary should be somewhat changed. The reversal
appeared in these tests in a practically unchanged fashion.
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The effects of probe geometry are especially pronounced in the
Reynolds number region where viscous action is first noticeable. The
performances of the three types of probe in this region msy be somevhat
unified if the characteristic length in Re is changed from the outside
diameter of the probe to the diameter of the impact-pressure orifice.
For instance, it is then possible to set a limiting value of this new
Reynolds number above which Cu will have no value greater or less than

+0.01. This limiting Reynolds number is about 100 for the probes in
subsonic flow and varies between 100 and 200 with increasing M for
probes in supersonic flow.

As regards the comparison of experiment and *“heory, it is encour-
aging to see that the agreement between the two becomes better as the
impact orifice becomes relatively smaller, since the boundary conditions
for the theoretical calculations specify no hole at all.

A final word may be added in discussion of the significance of the
theory of reference 6 for the performance of an impact tube in a very
viscous fluid. This theory is based on a Stokes "slow flow' type of
analysis and would be expected to have validity only for Reynolds num-
bers much smaller than those encountered in the present experiments.
Somewhat surprisingly, this analysis ylelds the same type of dependence
of C, on Re (i.e., C, = l/Re) as does the theory for a slightly

viscous fluid. Only the coefficient of proportionality is changed, having
a lower value for the very viscous fluid. This apparently agrees with
the obsérved dropping off of the curve of Cu against l/Re for the

lowest Reynolds numbers of these experiments and of the work of refer-~
ence 2, but it should be observed that this same sort of decline could
be fitted theoretically by taking the characteristic dimension of the
Reynolds number to be increased by some sort of boundary-layer thickness,

8o that for moderately large Re, Cu o« l/(Re + Kdﬁé). This is the pro-

cedure used by Homann (ref. 11) to provide an excellent fit to his data
on the stagnation-point pressure on spheres in an incompressible viscous
fluid.
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APPENDIX B

A SPECTAL MCLEOD GAGE FOR PRESSURE RANGE

0 TO 850 MICRONS OF MERCURY
THE NEED FOR THIS INSTRUMENT

The work of reference 2 indicated that an unusual degree of preci-
sion in pressure measurement is needed to insure reasonable correlation
of the viscous effects on impact probes in subsonic air streams. Spe-
tifically, an Irnstrument which could yield the ratio of two nearly equal
pressures with an accuracy of 0.1 percent in the pressure range
35 < p < 1,000 microns was needed for the present experiments. No
instrument previously available In this laboratory was capable of such
precision and range.

GENERAL DESCRIPTION OF NEW GAGE

The type of gage chosen in an attempt to obtain this performance
was a mercury Mcleod gage, in which special arrangements for very accu-
rate reading were incorporated. The general appearance of the gage “s
shown in figure 17. The capillaries are of precision-bore tubing shrunk
over selected 0.120-inch-diameter steel drill rod. The closed capillary
is 11.5 inches long, the closed end being made by the sweating in of a
square-ended plug. The compression -volume is approximately 44.9 cubic
inches (735 cubic centimeters). The mercury is raised in the gage by
atmospheric air pressure, air for this purpose being drawn through a
silica-gel drier. The mercury reservoir is of stainless steel, which
was chosen to provide an economical shape, rigidity, and a flat bottom
for the gage as a whole. Joints between the steel and glass are standard
taper ground joints, with female members of Kovar. A small stainless-
steel bellows is attached to the reservoir, providing for a very delicate
final adjustment of the mercury level in the gage at the time of reading.
Also included in figure 17 are the chassis and reading mechanism for the
gage. Not shown in this photo is the liquid air trap through which the
gage 1s attached to the source of the pressure to be measured.
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READING MECHANISM

In order to obtain the desired sensitivity in a Mcleod gage of the
aforementioned dimensions, it 1s necessary to measure the differential
heights of the mercury columms (h in fig. 18) correct to 0.001 inch.
Previous experience with the precision U-tube manometer (ref. 10) had
shown that this could be accomplished satisfactorily by the use of sult-
able optical elements traveling on lead screws. The proper combination
of threads and gears resulis in the appearance on a Veeder counter of
the displacement of the optic along the lead screw, with a least count
of 0.001 inch.

Special features of the Mcleod gage reading mechanism are:

(1) Arrsngement for measuring h in a cerefully vertical orienta-
tion. Ieveling screws are provided on the gage chassls, so that the
lead screw can be oriented vertically before operation of the gage.

(2) A fine adjustment for the zeroing of the Veeder counter when
the two optics have been determined to lie on a horizontal line. After
the lead screw is made vertical, a U-tube open on both ends and about
the same size as the Mcleod capillaries is partially filled with mercury
and set in place of the capillaries. When the meniscus in one leg of
this tube is brought under the crosshair of the reference optic, the
crosshair of the traveling optic can be set upon the meniscus in the
other leg, using an adjusting nut by which the optic is attached to the
lead screw. Just previous to this final adjustment the Veeder counter
is set and left at zero, so that unless the adjusting nut works loose,
or the lead screw gets out of its vertical orientation, the counter will
always read zero when the traveling optic is horizontally opposite to
the reference optic.

(3) Provision for the accurate placement of this horizontal refer-
ence line at h = O 1in coincidence with the top of the closed capillary.
The lead screw and optics are mounted on a subchassls which can be raised
or lowered on the basic chassis and locked in position by means of screws
bearing against the top and bottom surfaces of the subchassis. The two
chassis are clamped and keyed together, to provide rigidity in all hori-
zontal directions.

The optical apparatus used in forming the images of the meniscuses
is essentially identical to that employed on the precision U-tube manom-
eter. It was found helpful in reducing refraction from the capillary
walls to collimate the light from the source to a beam whose diameter
matched the inside diameter of the capillary. The images obtained are
quite large and clear, and the motion produced by a change in counter
reading of 0.001 inch is easily detected. It is evident that, for the
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image to remain unchenged for all values of h, the closed capillary
must be strictly parallel to the lead screw. If this does not result
directly from a careful Job of glassblowing, it can be obtained by shim-
ming up the reservoir.

OFPERATION OF GAGE

Besides the above~mentioned precautions in assembly and alinement
of the gage and reading mechanism, special attention was given, during
the operation of the gage, to the following items:

(1) A very slow and careful raising of the mercury to the seal-off
point, to preserve the pressure equilibrium in the gage.

(2) A similarly cautious approach to the proper position of the
mercury level in the reference capillary, aided by the use of the bellows
on the reservoir. Contrary to expectations based on the performance of
a previous Mcleod gage of this size, it was found necessary to jar the
gage at this point to free the mercury columns from some extraneous drag.
Thus in the initial model of the gage, which was used during the impact-
tube experiments, the final adjustment of the mercury level had to be
made with & skillful combination of Jjerring and adjustment of the bellows.

CALIBRATION OF GAGE

The calibration formuls for the gage was of the square-law form
appropriate to this type of Mcleod gage, modified by two correction

terms, one to account for the finite volume of the closed capillary and

the other, for the finite height of the mercury meniscuses. On the
basis of conventional-type measurements of the capillary cross-sectional
area and the compression volume, and a fairly crude estimate of a menis-
cus correctlion, the calibration formula was

p = 6.516h° (1 + 9%3—8)(1 + 0.0026h)

where h 1s to be measured in inches and p comes out in microns of
mercury. The estimated probable error in this formula was 0.3 percent,
but some fairly gross error in one of the measurements was suspected,
after a program of comparison of the gage with the precision U-tube
manometer. As was mentioned previously, the density of the manometer
oll was very carefully determined, and when the manometer readings and
Mcleod readings were converted to absolute pressure units by use of the
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densities of oil and mercury, respectively, the Mcleod pressures were,

on an average, 1.4t percent higher. This problem, however, is not rele-
vant to the present experimental program, since precise absolute cali-
bration of the gage is of secondary lmportance in this context (affecting
only Re, not Cu or Pi/Pi(ideal))‘ For future use, the capillaries

of the gege have recently been replaced with new ones of a superior
internal finish and extraordinary uniformity of bore, and the entire
calibration procedure has been repeated, using much superior measuring
instruments and techniques. Although a full program of comparison of

the recalibrated Mcleod gage and the U-tube manometer has not been per-
formed, preliminary date indicate much improved agreement between the
two. At the same time the new capillaries appear to have reduced ‘the
problem of the sticking of the mercury in the capillaries to a relatively
minor one.

ADVANTAGES AND DISADVANTAGES OF NEW GAGE

In discussing the relative merits of the new gage, the following
items may be listed as definite improvements over its most recent prede-
cessors.

(1) The optical system: Regardless of questions of accuracy, the
present optical system is much easier on the eyes of the observer.

(2) The lead screw and counter: Inherently, the lead-screw and
counter arrangement is more precise than an etched or scratched scale,
and the counter virtually eliminated accidental reading errors.

(3) The metal reservoir: The metal reservoir reduces breaskage wor-
ries, provides a rigid, flat-bottomed base for the gage, and has an eco-
nomical shape allowing the use of long capillaries on a gage where the
mercury 1ls raised by atmospheric pressure alone.

(4) The longer capillaries: The longer capillaries have given the
new gaege a valuable increase in range, without sacrificing sensitivity
or aggravating surface tension troubles.

On the other hand, the following disadvantages have appeared.

(1) Difficulty in cleaning the metal reservoir: ' The stainless steel
has appeared quite satisfactory from a viewpoint of cleanliness and non-
pollution of the mercury. The Kovar Jjoints, on the contrary, do form
amalgams if the mercury is accidentally splashed against them. The
reservoir has proved somevhat difficult to clean and dry and has the
disadvantage of being nontransparent, so that dirty spots cannot be seen.
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(2) Sticking of mercury in the capillaries: The sticking of mercury
in the cepillaries seems to have been essentially overcome with the
installation of the new ceplllaries. Even so, frequent and scrupulous
cleanings of the gage and the mercury will probably be needed to insure
a satisfactory condition.

(3) Handcrank operation of the lead screw: The driving of the lead
screw by a handcrank is tiring to the operator, and motor drive for large
level changes is recommended.

SUCCESS OF GAGE IN IMPACT-PRESSURE EXPERIMENTS

A final measure of the success of the gage in the present applica-
tion is given by the data. A substantial reduction of scatter was
achieved in comparison with the data of reference 2. Part of this was
undoubtedly due to the more stable performance of the no. 3 wind tunnel
(as compared with the no. 2 tunnel used for the work of ref. 2), but
much appears to be due to the new gage. The chief disadvantage of the
gage for the impact-pressure tests is the inherently large volume, which
aggravates greatly the time-response problem of the apparatus.
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APPENDIX C
ROTARY PROBE SELECTOR
GENERAL DESCRIPTION

The rotary probe selector consists essentially of a manifold in the
shape of an octagonal disk, a driving and locating mechanism which rotates
the manifold so that each of its eight faces comes in turn into a pre-
cisely fixed position, and a system of vacuum seals which provide a leak-
proof channel between the manifold face which is "in position" and the
pressure line to the manometers. The selector is mounted on the wind-
tunnel traversing mechanism, so that three-directional translation, as
well as rotetion, of the device can be controlled remotely from the main
console of the wind tunnel. Figure 19 shows the selector, outfitted with
eight probes, in position with respect to nozzle 6. A complete set of
assembly and detail drawings is on file at the Fluid Mechanics Laboratory,
under the mumbers L.P. 61-6-0 to 61-6-12.

CONSTRUCTION

The design of the mechanism mekes special use of the principle of
the Geneva movement for transmission of the motion from the electric-
motor output to the rotating manifold and for the accurate positioning
of the manifold (see fig. 20). The particular design of Geneva movement
was chosen to provide an intermittent rotational output in response to
the steady turning of the input shaft. To utilize this feature a cam is
mounted beside the Geneva pinwheel on the input shaft to provide motion
of a piston which makes an O-ring vacuum seal against the manifold (see
fig. 21). The cam is set so that the seating and retracting of the
sealing piston take place during the stationary periods in the Geneva
movement output, thus avoiding undesirable friction between the O-ring
and the manifold, with possible damage to the O-ring. A microswitch
activated by another cam on the input shaft stops the electric motor
after the manifold has reached an operating position and the sealing
piston has been seated. Special precautions were exercised in choice of
gears, bearings, and other parts to minimize mechanical backlash and
looseness between the Geneva output wheel and the manifold. Vacuum
seals throughout were of conventional O-ring types.
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OPERATING CYCLE

To turn the selector from one position to the next:

(a) A manuel switch at the wind-tunnel console shorts out the micro-
switch, starting the motor in either the clockwise or counterclockwise
direction, as dictated by a selecting switch.

(b) The Geneva pinwheel turns through its first 45°, while the
slotted wheel stands still and the two cams activate the opening of the
microswitch and the retracting of the sealing piston.

(c) The pinwheel continues through its next 90°, during which it
‘engages the slotted wheel and turns it 90°. The angular output of the
slotted wheel is reduced by & factor of 2 through special antibacklash
gears, so that the manifold executes just one-eighth of a turn, bringing
its next face into position. The locking surfaces of the pin and slotted
wheels begin engegement.

(d) The pinwheel completes its half revolution while the final pre-
cise positioning of the slotted wheel is accomplished by the mating of
the locking surfaces, and the two cams activate the seating of the sealing
piston and the closing of the microswitch, stopping the motor.

CONCLUSION

Both the positioning and sealing features of the selector have
proved entirely satisfactory in use during the impact-pressure experi-
ments, and the device as a whole has been a valuable addition to the
wind-tunnel instrumentation.
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APPENDIX D

TESTS IN AN INDEPENDENTLY CALTBRATED SUPERSONIC ATR STREAM

INTRODUCTION

A new nozzle for use in the no. 3 wind tunnel has recently been
designed and upon experimental eveluation has proved quite superior to
the nozzles employed for the impact-pressure experiments. In particular,
the new nozzle has been shown to produce an isentropic acceleration from
the stagnation chamber to the test section, thus allowing a calibration
of its flow independent of either static or impact probes. . This is
achieved satisfactorily by measurement of the stagnation-chamber pres-
sure and temperature and the pressure at the nozzle wall near the exit
plane. Constancy of static pressure across the exit section of the noz-
zle is assumed when the wall static and test-chamber pressures are bal-
anced. This new nozzle is designated nozzle 8 and is described in refer-
ence 18, from which the following pertinent performance data are taken:

Flow rate, Pg, Re Diameter of isentropic
1b /nr M microns | (I = 1 in.) core, in.
5.2 3.70 50 920 1.5
10.3 3.89 ¥ 1,600 1.9
ik 3.98 90 2,100 2.3
20 k.06 112 2,800 2.4
26 4.13 134 3,600 2.7

(Stagnation temperature = Room temperature = 535° R)

The radial distribution of impact pressures is shown for the four lowest
flow rates in figure 22.

TEST PROCEDURE AND DATA REDUCTION

The static pressures listed above were sensed by a l/l6-inch—diameter
wall tap located 2 inches upstream from the nozzle exit (at which posi-
tion the velocity at the isentropic core boundary was within 0.2 percent
of its exit-plane value) and measured with the precision McLeod gage .

The measurement was taken when the jet was free of models and when the
test-chamber and wall-tap pressures were accurately balanced (within
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3/h percent at the worst). It should be remarked that the insertion of
a probe destroyed this balance somewhat by lowering the test-chamber
pressure a few percent. The latter effect had been remarked in previous
tests but was not investigated in detail. It is assumed that the small
unbalance so produced will have a negligible effect on the flow proper-
ties close to the nozzle axis at the exit plane, where the impact pres-
sures were taken.

The Mach nmumber was computed from the ratio of the measured static
pressure and stagnation-chamber pressure, with the assumption of isen-
tropic flow along the nozzle axis and of constant static pressure across
the nozzle cross section at which the wall tap was located. The ideal
impact pressure was computed from the static pressure and the Mach number
by the Rayleigh pitot-tube formula.

Four type B probes and four type C probes were mounted at once on
the rotary probe selector and tested at two positions in the nozzle exit
plane, first on the nozzle axis and second at 0.300 inch above the axis.
Impact pressures (and the stagnation-chamber pressure) were measured on
the n-butyl phthalate U-tube manometer as in the tests in the previous
nozzles.

RESULTS

Figure 23 shows the results of these tests at the off-axis position.
The data on the axis are eritirely similar, pressures being displaced by
an amount which is in accord with the results shown in figure 22. In
figure 23 extrapolation curves have been drawn in a fashion similar to
those shown in figure 6. The intercepts arrived at by these curves fall
within about 1 percent of the Pi(ideal) values obtalined by the

isentropic-flow assumption. The discrepancies encountered were not sys-
tematic and would depend in magnitude on the location of the test point
in the nozzle flow.

Unfortunately the Reynolds numbers per inch characterizing nozzle 8
are so high that it was impossible to obtain large viscous effects on
even the smallest lmpact probes which could be used. Consequently, the
present experiments, in which the probe readings, the extrapolated
Pi(ideal)>’ and the independently calculated Pj(ideal) Were all in

agreement within a very few percent, do not give a direct validation of
the extrapolation procedure in the cases where its application is most
suspect (i.e., at the lowest extreme of the Reynolds number range) .
Neither was the flow in the new nozzle so uniform as to permit a very
close check (<1 percent) on the accuracy of extrapolation. On the other
hand, it is encouraging to see from the new experiments that the extrapo-
lation procedure has not yielded results which are definitely wrong.
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An important byproduct of the calibration of nozzle 8 was informa-
tion concerning the accuracy of static pressures derived from the conical
static probe (see discussion of this probe in appendix A). This value
of the static pressure was of the order of 20 percent higher than the
true static pressure measured by the wall tap. The Mach number value
deduced by use of the cone probe was correspondingly about 10 percent
too low. These errors are serious and indicate that correspondingly
serious errors exist in the Mach numbers and static pressures listed for
nozzles 2A, 3, and 6. TFortunately, for the present purpose, these errors
are to a large extent mutually canceled in the calculation of Cu and
Re. (Thus, for nozzle 8, the Cy value is entirely unchanged and the

Reynolds number affected by only sbout 3 percent by the errors quoted
above.)

A qualitative observation of some significance may be made concerning
Mach mumber effects on the viscous correction to imPact pressures in view
of the data for nozzle 8. First, the existence of 'negative" as well as
of "positive" viscous effects is very pronounced in these data, and,
secondly, it may be remarked that at a Mach number of 4.06 even the
highest Reynolds number reached (about 850) is not sufficient to bring
about a better than 1 percent egreement between type B and type C probes.
Furthermore, if the extrapolations made in figure 23 are used to give
Pi(ideal) and the data are processed to yleld a plot of CUQ against

1/Re2, these new data lie on a direct continuation of the Mach number
trend inferred from the data in the main body of the report.

CONCLUSIONS

The preliminary results of tests in a new supersonic nozzle indi-
cated the following conclusions:

(1) The process of extrapolation ylelds values of the 1ldeal Impact
pressure vwhich are in agreement with values determined independently in
a nozzle producing isentropic flow, the agreement being as close as could
be expected under the present conditions of flow uniformity and experi-
mental accuracy.

(2) The static pressure deduced from a conical static probe in this
nozzle flow is seriously in error (being about 20 percent too high), but
this error has relastively little effect on the calculated values of Cp

and Reynolds number (<3 percent).

(3) The general trend of Mach number effects on impact-pressure
viscous corrections noted in nozzles 24, 3, and 6 is continued in this
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nozzle up to a Mach number of 4.06. In particular, the negative viscous
effects detected under certain conditions in the other nozzles were very
prominent in the new nozzle and are definitely an effect of increasing
Mech number rather than of flow nonuniformities.
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TABLE I.- SWMARY OF DATA AND RESULTS FOR SUBSONIC AIR STREAMS
- Probe | T, a, | 2 | @ Fo o/ Po e e
rate, ’ ) 4 82 n Hg | Pi/Pg (—) M Re 1/Re
b/or | tyPe | °R in. | pHg | pHg (a) Ps "
50 B 543 1 1.500 | 3,276 | 3,252 1.007 1.007 } 0.102 § O 365 0.0027
1.500 | 3,273 | 3,250 | 3,275 | 1.007 o 365 .0027
1.000 | 3,275 | 3,2 1.007 o 243 .00k1
1.000 | 3,273 | 3,2 1.008 137 | 243 .00h1
500 | 3,278 | 3,254 | 3,277 | 1.007 0 122 .cofe
500 | 3,27k | 3,250 1.007 0 122 008
2150 | 3,281 | 3,252 | 3,275 | 1.009 .285 | 36.5 027h
150 | 3,277 | 3,287 | 3,270 | 1.009 285 | 3.4 | .0275
50 c 543 | 1.500 | 3,27% | 3,250 | 3,275 | 1.007 | 1.007 02 | 0 364 .0028
1.500 »269 | 3,246 | 3,269 | 1.007 [0} 364 .0028
1.000 | 3,277 | 3,25% | 3,277 | 2.007 0 243 L0041
1.000 | 3,273 | 3,250 1.007 -0 243 0041
500 | 3,275 | 3,252 1.007 s} 122 0082
500 | 3,272 | 3,248 1.007 0 121 0082
%0 | 3,277 | 3,254 1.007 o 36.5 027k
150 | 3,275 | 3,250 1.008 37| 365 027h
50 B shhk | 1.500 | 2,605 | 1,55% 1.035 | 1.032 212 | ;032 ﬁ 0027
1.500 | 1,603 | 1,552 1.033 032 .0028
1.000 1’283 1,554 1.033 .032 | 243 ookl
1.000 | 1, 1,552 | 1.03 064 | 243 .00h1
500 | 1,607 | 1,55% | 1,603 | 1.03% 084 | 122 0082
«500 | 1,606 | 1,555 1.034 06 | 122 .08
.1%0 | 1,619 | 1,555 1.051 .286 | 36.5 027k
2150 | 1,617 | 1,552 | 1,603 | 1.0k2 38| 364 0275
50 c Shh | 1.%00 | 1,605 | 1,55% 1.035 | 1.032 212 .032 | 365 .0027
1.%00 | 1,603 | 1,552 1.033 .032 | 364 .0028
1.000 | 1,605 | 1,55% 1.033 .032 | 2b3 .00k1
1.000 | 1,603 | 1,553 1.032 0 2h3 L0041
.500 | 1,603 | 1,554- 1.032 [V} 122 008
500 | 1,603 | 1,5% 1.033. 032 | 121 008
150 | 1,608 | 1,556 | 1,605 | 1.033 032 | 36.5 027h
.150 | 1,607 | 1,554 | 1,602 | 1.0% 06k | 36.5 L02Th
50 B 538 { 1.500 981 855 1.096 | 1.09% -360 022 | 311 .0027
1.500 980 &5 1.095 o1 | 371 .0027
1.000 981 95 1.096 .022 | 248 L0040
1.000 980 895 1.095 .01 | 248 .00%0
.500 985 9% 1.101 077 | 125 L0081
.500 985 895 1.101 g{ 124 .0081
%0 | 1,002 | - 855 979 | 1.120 . 37.1 0269
.1%0 | 1,001 895 978 | 1.118 265 | 371 | .026%
50 c 538 | 1.%00 982 86 981 | 1.096 | 1l.09% .360 .022 | 372 .0027
1.500 gL 85 979 | 1.096 022 | 371 .0027
1.000 980 85 1.0; .o11 | 248 0040
1.000 979 895 1.0 o] 248 0040
500 979 8ok 1.095 011 | 124 0081
.500 978 854 1.09% 0 124 .0081
.150 984 896 980 | 1.098 .ohy 37.1 0269
250 985 896 979 | 1.099 055 | 3T.1 | .0269
36 B s40 | 1.500 | 2,387 | 2,30 1.007 | 1.007 098 | O 257 0039
1.500 | 2,385 | 2,368 1.007 0 257 0029
1.000 | 2,387 | 2,370 1.007 o] 171 .0058
1.000 | 2,385 | 2,368 1.007 o] 171 .0058
-500 { 2,390 2,22 2,367 [ 1.008 k9 | 85.8 | .oma7
.500 | 2,387 | 2,368 1.008 .1k9 8.6 0117
-150 | 2,392 | 2,370 | 2,385 | 1.009 -298 | 25.7 0389
150 | 2,390 | 2,368 | 2,383 | 1.009 298 | 25.7 | .03&
36 c 540 | 1.%00 | 2,38 | 2,369 | 2,386 | 1.007 1.007 .098 | O 257 .00%9
1.500 | 2,385 | 2,367 | 2,384 | 1.007 0 257 0039
1.000 | 2,388 | 2,372 1.007 o 17 .00%58
1.000 | 2,385 | 2,368 1.007 0 1T .00%58
.500 | 2,387 | 2,370 1.007 0 &.7 ont
500 | 2,385 ,368 1.007 o] 8.7 0117
2150 12,389 | 2,371 1.008 .49 | 25.7 039
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TABLE I.- SIMMARY OF DATA AND RESULTS FOR SUBSONIC ATR STREAMS - Contimued

Flow Pos
rate, | Prove | Tos 4, P1s Pas u Hg pi/ps 2o X ¢, Re
bfer | type | °R in u Hg s Hg (a) Pg
36 B sho | 1.%00 | 1,280 1,143 1.032 1.032 | 0.222| O 270
1.500 | 1,179 1,1 1.035 032 | 27
1.000 | 1,180 1,143 1.032 0 180
1.000 { 1,179 1,1h0 1.03h .08 | 180
500 | 1,18% 1,14 1.034 064 50.0
500 | 1,182 1,12 1.gzg 095 | 9.0
2150 | 1,194 1,144 1,179 1. 381 | 27.0
50 | 1,192 1,1k2 1,179 1.04% .38L 27.0
36 c sh2 | 1.%00 | 1,179 1,1k2 1,178 1.032 1.032 221 0 270
1.500 | 1,178 1,1h0 1,177 1.033_ .032| 270
1.000 | 1,180 1,144 1.032 0 180
1.000 | 1,178 1,142 1.032 o] 180
500 | 1, 1,154 1.032 [+] 90.0
500 | 1,179 1,1h2 1.032 0 $0.0
150 | 1,18% 1,145 1.034 .06k | 27.0
1% | 1,182 1,144 1.033 ' .032| 27.0
26 B 543 | 1.500 | 1,80% 1,790 1.007 { 1.006 097 152
1.500 | 1,799 1,786 1.007 152
1.000 | 1,801 1,788 1.007 .152
1.000 | 1,799 1,786 1.007 152
2500 | 1,60k 1,790 1,802 1.008 .303
500 | 1,601 1, 1.008 305
150 | 1,805 1,787 1,799 1.010 607
.150 | 1,80k 1,786 1,797 1.010 .607
26 c 543 1 1.500 | 1,799 1,787 1,799 1.007 | 1.006 .097 .152
1.500 { 1,799 1,786 1,797 1.007 .152
1.000 | 1,802 1,790 1.007 .152
1.000 1,@ 1,% 1.007 .152
.500 { 1, 1, 1.00 .152
500 | 1,797 1,786 1.002 o
A50 1,80 1,790 1.008 .303
2250 | 1,801 1,786 1.008 .303
26 B s43 | 1.500 905 878 1.031 | 1.028 .199 .108
1.%00 903 818 1..029" .036
1.000 905 880 1.028 0
1.000 904 878 1.030 .072
500 908 880 90% 1.032 5111 64.8
200 908 878 1.03% 216 | 64.8
150 918 80 903 1.043 ShL | 1905
150 917 6718 _1.04% STT| 19k
26 c 545 | 1.500 903 878 1.029 | 1.028 99 | 036 | 194
1.500 903 8TT 903 1.0%0 072 | 19%
1.000 905 880 1.028 0 130
1.000 90k 878 1.0%0 0712 | 130
500 905 g0 1.028 o] 64.8
500 903 8718 1.029 .036 | 64.8
150 910 880 1.03% 26| 19.5
150 908 879 1.033 .18 19.5
36 B 530 { 1.500 THT.3 681.5 k.7 | 1.097 | 2.092 357 | 056 | 286
1.000 ™T.8 680.6 1.099 078 | 191
500 T51.3 663.5 1.099 078 | 95.5
300 5.2 682.6 1.106 157 57.3
36 c 5%0 | 1.500 T85.3 681.5 .7 | 1.098 1.092 357 022 | 286
1.000 ™6.3 6.6 1.093 .011
500 ™5.7 682.7 1.092 o
.300 T™HT.1 680.6 1.098 067
26 B 537 | 1.500 534 4 4.2 535.8 | 1.108 | 1.103 376 051
1.000 557.5 483.9 1.111 .08
500 540.1 8.7 1.11% 2111
.300 ahs.1 843 1.126 233
26 c 537 | 1.500 535.1 L4843 53%.8 | 1.105 1.103 376 .020
1.000 53.& 484.8 1.102 -.010
500 534.5 484.9 1.102 -.010
300 536.1 18%.8 1.108 051

apo was measured only at those points where it is listed in tha table.
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TABLE II.- SUMMARY OF DATA AND RESULTS FOR SUFERSONIC AIR STREAMS

[Bee appendix A for calculation methods|

Flow
rate, Probe | Tor | Pos d; Py, Pi(1desl)? | u Re ___p_i_._ C""2 1/]132
kL) type [°R jpHg | 1. n Hg r Hg Pi(ideal)
Nozzle 6
20 B |531|24k.8]1.000]1,28%.5| 1,285.1 |2.02f BT 1.000 -0.003 { 0.0021
B 2500 | 1,263.1 378 .998 -.008] .ook2
B 300 | 1,283.6 227 .999 -.005| .0069
B 150 | 1,295.5 1k 1.008 0831 L0139
c 1.000 | 1,283.6 5 999 -.005| .0021
c .500 | 1,285.5 % 1.000 016 .oo0k2
c 2150 | 1,279.1 11y .995 -.02k | .01%%
26 B 536 | 216.9.{ 1.000 | 1,124.8] 1,125.5 2,01 | 654 .999 -.005| .0024
B .500 | 1,125.% 327 1.000 -.001] .o048
B 2300 | 1,124 .4 196 999 | --.005] .0079
B .150 | 1,140.3 98.1{ 1.013 Q7] .0158
c 1.000 | 1,121.9 654 997 -.016| .0024
c .500 | 1,125.3 327 1.000 -.00L{ .0048
c 21501 1,119 - 98.1 .995 -.029| .0158
20 B 5% | 1746 1.000| . 881.1 881.7 1.98] 513 999 -.003| .003%0
B .500 8.6 257 1.001 .005| .0060
B 300 88:.6 15k 1.003 .018] .0100
B .150 9ok .5 T7.0} 1.026 37| 0200
c 1.000 878.6 513 996 -.018} .00%0
c .500 862.1 257 1.000 .003| .0060
c .150 875.6 T7.0 993 -.037| .0200
15.5 B |537}14s8.3]1.000| T15.9 T15.6 1 1.951 4o9 1.000 .003| .0037
B 500 7.9 205 1.003 .018| .00Th
B .300 T21.9 123 1.009 o7 L0123
B 150 T45.8 614 1.042 220 .0246
c 1.000 2.4 %09 .996 -.0231 .0037
c .500 T75.9 205 1.000 003 | .00Th
c .150 T1I0.4 61.% .99% -.0%39| .o2k6
%0 B 532 | 247.8| 1.000 | 1,295.5 | 1,295.5 2,02 | 162 1.000 0 0021
B 2500 | 1,295.5 Z81 1.000 0 .00k1
B L300 | 1,296.5 229 1.001 .005| .0068
B 150 | 1,307.4 114 1.009 Oh9 L0137
c 1.000 | 1,295.5 62 1.000 o} L0021
c .500 | 1,296.5 380 1.001 .005] .ookL
c 250 | 1,289.5 1y .995 =024} .0137
20 B 532 | 175.1| 1.000 883.6 883.7 1.981 520 1.000 -.001} .0030
B .500 88L.6 260 1.001 .005] .0060
B .300 887.5 156 1.00k 02k | 0099
B 50| 905.% T7.91 1.025 32| .0199
c 1.000 881.6 520 .998 -.013| .00%
c 500 883.6 260 1..000 -.001{ .0060
c .150 877.6 T7.9 .993 ~-.037| .0199
10.3 B 528 | 110.% | 1.000 501.5 501.4 1.86 | 288 1.000 .001| .0051
B .500 50%.5 bk 1.00h 021 | .0102
B .300 509.9 86.5 1.017 08| .o
B 150 535.3 1x.2 1.068 339 034
c 1.000 500.0 288 997 -.01k | .0051
c 500 500.0 1k 997 -.01k | .0102
c .150 k97.5 13.2 .992 -.039 | 0342
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TABILE II.- SUMMARY OF DATA AND RESULTS FOR SUPERSONRIC ATR STREAMS - Continued

rate, | Probe Tor | P2s a, Di, Pi(ideal)s | ¥ Re |—a—| Cy 1/332
b/or| t¥Pe|°R | p Hg in. u Hg n Hg Pi(1deal)
Nozzle 6
5.2 B 531 T71.6]1.000 283.6 279.7 1.69 | 154 1.01% 0.064 } 0.0089
B .500 287.6 7.2 1.028 291 .0179
B 300 297.0 46.3 1.062 182 | .0298
B .150 325.4 23.2 1.163 46| .0596
c 1.000 279.6 154 1.000 -.002{ .008
c 500 278.1 7.2 .99k -.026| .0179
c 150 28%.1 23.2 1.016 072 .0596
30 B | 53| 247.3|1.000|1,290.0| 1,290.5 |2.02] 760 1.000 -.002 | .0021
B .500 | 1,288.5 380 .999 -.007| .o041
B .300 | 1,290.5 228 1.000 0 .0069
B 225 | 1,293.0 hival 1.002 011 | .0092
B 150 | 1,299.5 114 1.007 038! .0137
c 500 | 1,289.0 380 .999 -.006 | .00kl
c 150 | 1,28%3.6 11k 995 -.029 | .0137
26 B 5311 218.6 { 1.000 | 1,127.5 | 1,127.8 2.00 | 661 1.000 002 | 0024
B 500 | 1,126.8 331 .999 -.005{ .004T
B 300 | 1,129.3 198 1.001 oo7| .0079
B 225 | 1,134, 19 1.006 033 | .0105
B 2150 | 1,10k 99.2{ 1.01% 078 | .0157
c 500 | 1,127.3 331 1.000 -.002 | .0OUT
c 2150 | 1,121.9 99.2 .995 -.0281 .0157
20 B 533 | 177.1 ] 1.000 880.6 8a1.1 1.96 | 511 .999 -.003{ .00%0
B .500 881.6 256 1.001 003 | .o060
B 300 885.0 153 1.006 029 | .0100
B .225 891.5 15 1.012 062 .0133
B .150 903.5 6.6 1.025 34k | .0200
c .500 882.6 256 1.002 009 | .0060
c .150 873.6 T6.6 .992 ~-.0k5 1 .0200
15.5 B | 532 147.3 | 1.000 TiT.9 T17.0 1.9% | k13 1.001 007 | .0037
B .500 T18.4 207 1.002 010 ] .0073
B .300 Teh .4 124 1.010 osk | .0122
B 225 T30.3 93.0 1.018 096 | .0163
B 150 5.8 62.0 1.040 209 | .o24k
10.3 B | 534} 109.4 | 1.000 501.5 498.5 |1.861 28 1.006 032 | .0052
B .500 504 .5 AL 1.012 062 | .0104
B .300 510.9 | 8.7| 1.025 1271 L0173
B 225 519 .4 63.5 1.042 212 .0231
B .150 536.8 §2.3 1.077 387 | .O347
5.2 B 533| T0.6}1.000 279.6 276.1 1.69 | 152 1.013 .058 1 .0091
B 500 285.6 .7 1.034 A571 0182
B 3001 295.5 5.41 1.070 . .0303
B 225] 305.0 34.1f 1:105 478 .0k03
B .150 320.4 22.7 1.160 32| 0605
30 c 537| 245.1 | .600 | 1,290.5] 1,290.5 |2.03|L451 1.000 |o .0035
c U150 | 1,290.5 338 1.000 o] 0046
c .300 | 1,290.5 225 1.000 o] .0069
c 225 | 1,289.0 169 .999 -.006 | .0092
c 150 | 1,284.5 13 .995 -.025| .0139
c 100 | 1,275. .1 .98 -.062 | .0208
26 c 540 | 218.5| .600|2,134.9 | 1,134.9 2.01 | 390 1.000 o} .0040
c 450 | 1,234.9 29% 1.000 |o .0053
c 300 | 1,133.9 195 -999 -.005( .00T9
c .225 | 1,131.9 146 997 -.02% [ .0105
c .150 | 1,128.% 97.6 .99k -.031| .0158
c 100 | 1,12k .4 65. 991 | -.050| .0237
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TABLE IT.- SUMMARY OF DATA AND RESULTS FOR SUPERSONIC AIR STREAMS - Continued

Flow Py
rate, Probe | T, | P2, 4, Dy Pi(idend)s | u Re — Cp2 ]/Re2
bfor| WPEIR [pBg | 1n- | pEHg u Hg Pi(1deal)
Nozzle 6
20 c Shi| 174.8 | 0.600 882.1 882.2 1.98{ 301 1.000 -0.001 | 0.0051
c 450 882.1 226 1.000 -.001{ .0067
c .300 881.6 150 .999 -.00% | .0101
c 225 879.6 1n3 997 -.016| .0135
c .150 876.1 .2 .993 -.037] .0202
c .100 875.1 50.1 .992 ~-.0k3 | .0%04
15.5 c 542 | 143.7 1 .600 7.3 718.0 1.97| 245 .999 -.005} .0062
c A50) 117.3 183 .999 -.005| .008%
c .300 6.3 122 .998 -.013| .o12%
c .225 3.8 91.7 .99k -.031] .0165
c .150 2.3 61.1 992 -.0k2 | 0248
c .100 T13.8 40.8 .99k -.031| .0372
10.3 c 543 | 108.0 | .600 501.8 502.2 1.88] 168 .999 -.004 | .0087
c 150 501.3 126 .998 -.009| .0116
c .300 498.8 83.8 .993 -.03: | 0175
c .225 498.3 62.9 992 -.039 | .0233
c .150 498.3 K.9 .992 -.0%9 | .0349
c .100 506.3 27.9 1.008 ol | .0533
5.2 c 543 | 66.31 .600 277.3 277.5 1.76| 90.3 999 ~-.005| .0155
c 450 276.3 67.7 .996 -.021| .020
c .300 275.3 k5.2 992 -.038| .0309
c 225 276.3 33.9 .996 -.021} .ohi2
c .150 281.8 22.6 1.016 oth | .0619
c .100 297.% 15.1| 1.072 341 | .0928
30 A 536 | 247.0 | .600]1,280.%| 1,285.5 2.01 | k47 1.003 016 | .0035
A Js0 11,2934 335 1.006 . 033 | .ook6
A 300 | 1,292.4 223 1.005 029 | .0070
A 225 1,295.% 168 1.008 ok2 | .0093
A .150 | 1,300.3 112 1.012 063 | .0139
26 A 537 {218.7 | .600 | 1,132.3| 1,126.0 2.00 | 391 1.006 .0%0 | .00ko
A 450 |1,133.3 293 1.006 035 .0053
A .300 | 1,135.3 196 1.008 .ok | 0070
A 225 11,136.3 k7 1.009 .0h9 | .0106
A .150 | 1,143.3 97.7| 1.015 .083| .0158
20 A 538 | 174.0 | .600 884.8 879.0 1.98 | 302 1.007 0351 .0051
A 450 887.8 227 1.010 053} .0067
A .300 889.8 151 1.012 065 | .0101
A 225 892.7 113 1.016 083 | .0135
A .150 903.7 .6 1.028 150 | .0202
15.5 A 557 | 45.6 | .600 T22.7 3.5 1.94 | 24k 1.013 067 | .oco62
A RT) 4.7 183 1.016 o2 | .o0082
A .300 T28.7 122 1.021 11| .o12k
A .225 T29.7 91.6 1.023 119 | .0165
A .150 2.6 61.1 1.041 2135 | .024k7
10.3 A 538 | 110.1 | .600 512.0 503.0 1.86 | 169 1.018 090 | .0086
A 450 516.0 126 1.026 A3 | .0115
A 300 520.9 84.3 1.0%6 JA79 1 .0173
A 225 52l .9 63.2 1.04% 219 | .02%0
A .150 538.8 ka| 1.0 2571 0346
5.2 A 539 | 66.1| .600 290.3 276.5 1.76| 90.9 1.050 2371 .0154
A 450 291.3 68.2 1.054 25h 1 .0206
A .300 299.2 45.5 1.08 390 | .03%09
A .225 %04 .2 3h.1 1.100 461 .oh1z2
A 150 321.1 22.7 1.161 .0618
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TABLE IT.- SUMMARY OF DATA AND RESULTS FOR SUPERSONIC AIR STREAMS - Contlnued

Flow Pi
rate, | Probe Tos | Po2» 4, Pis Pi(ideel)’ | u Re I S cp2 1/332
b/ar| WP R fuHg | in. | pHg u Hg P1(1deal)
Nozzle 2A
26 B 536 | 189.70.600| 1,615.4 | 1,623.0 2.70 | 683 0.995 -0.025 { 0.0031
B 450 | 1,613.9 513 994 -.0%0| .00k1
B .300 | 1,612.9 342 .994 -.03k | 0062
B 2251 1,613.9 256 994 -.030 | .00
B .150 | 1,618.9 171 .998 -.01% | .0123
B .00 | 1,629.8 11k 1.004 023} .0185
20 B 534 | 159.2 | .600] 1,287.0| 1,293.0 2.62 | 533 .995 -.026| .0038
B 4501 1,285.0 koo 994 -.034 | .005L
B .300 | 1,285.0 267 .99k -.034k | 0076
B 2251 1,286.0 200 -995 -.030 | .0102
B .150 | 1,295.0 133 1.002 009 | .0153
B 21001 1,307.9 88.9 1.012 063 | .02%0
2.3 B 534 | 41.8| .600 253.2 254.0 2.21| 93.4 .997 -.021| .01&
B 1450 255.7 70.0 1.007 Ol | L0243
B 300 265.2 46.7 1.054 295 | .0364
B .225 273.1 35.0 1.075 503 | .0485
B .150 287.1 23.4 1.130 871 | .0728
B .100 308.0 15.6 1.213 1.h20 | .1092
26 c 536 1192.0 | .600{ 1,629.7| 1,623.0 2.69 | 681 1.004 023 | .0031
c 4501 1,632.0 511 1.006 030 | .00Lk1
c 2300 | 1,628.8 340 1.004 020 | .0062
c 2251 1,627.5 255 1.003 015 | .oo&
c .150 | 1,619.1 170 .998 013 | .012%
c 2100 | 1,608.% 11k 991 o9 | .0185
20 c 538 [ 163.7 | .600]1,293.8{ 1,293.0 2.57 | 521 1.001 ook | .0038
c 150 | 1,296.0 390 1.002 013 | .0051
c 2300 | 1,293.6 260 1.000 003 | .0077
c .225| 1,202.1 195 .999 ook | .0102
c .150 | 1,285.5 1%0 994 033 | .0153
c .100 | 1,278.1 86.8 .988 -.0651 .02%0
2.3 c 539 | 45.8 ] .600 252.8 254 .0 2.24 | 92.8 .995 -.032 | 017k
c 450 248.3 69.6 978 -.151 | .02%
o 300 245.3 46.5 .966 -.230 | 0347
c 225 243.8 3.9 960 -270 | .0463
c .150 248.8 23.2 .980 -.138 | .0695
c .100 260.7 15.5 1.026 177 | .10M1
26 A 535 |191.5 | .600 |1,618.9 | 1,623.0 2.68 | 678 .998 -.017 | .0031
A 450 f1,621.9 509 .999 ~-.00% | .o0k1
A .300 | 1,619.9 339 .998 -.013 | .0062
A .225 1 1,619.9 254 .998 -.013 | .o0&
A .150 | 1,620.9 170 999 -.009 | .0123
20 A 538 [160.2 | .600 | 1,292.5 | 1,923.0 2.61 | 527 1.000 -.003 | .0038
A 450 | 1,29%.5 396 1.001 008 | .0c051
A L300 | 1,293.5 264 1.000 003 | .00TT
A .225 | 1,295.5 198 1.002 013 | .0103
A .150 | 1,298.5 132 1.00% 029 | .o154
2.3 A 538 | 38.8 | .600 260.7 254 .0 2.31| 9%.8 1.026 161 | .0187
A 450 262.7 T1.1 1.034 209 | .02%0
A .300 270.6 h7.h 1.065 399 | .03k
A 225 276.6 35.6 1.089 543 | .0499
A .150 290.5 23.7 1.144 877 | .0Th9
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TABLE II.- SUMMARY OF DATA AND RESULTS FOR SUPERSONIC ATR STREAMS - Concluded

Flow
rate, | Prove [Tos | P25 | a4, | Pis [Pi(1gead)s | m | Re |——t—| Cpy | 1fRep
b/hr| BWPe|°R |pHg | In. | pHg n Hg Pi(1deal)
Nozzle 3
16.8 A |537|1a.k|0.600]1,3576.1) 1,376 3.35 | 728 1.000 |0.001|0.00%
A 450 { 1,378.1 546 1.002 012 ] .0052
A 300 | 1,574.1 364 .999 -.011| .0078
A 225 | 1,376.1 275 1.000 001 | .010%
A 150 | 1,378.1 182 1.002 012 ] .0156
10.3 A 539 | 88.1| .600|21,029.8 1,034 3.25 | 526 996 032 | .0052
A 450 | 1,033.8 39k 1.000 -.002| .0069
A .300 | 1,033.8 263 1.000 ~-.002 | .010k4
A 225 | 1,034.8 197 1.001 006 | .0138
A .150 | 1,042.8 i3 1.008 066 | .0207
ka A |53 53.7( .600 527.4 527 2.93| 243 1.001 006 | .0097
A 450 531.3 182 1.008 059 | .0129
A 2300 535.3 121 1.016 1% | .019%
A 225 5%0.3 91.1| 1.025 183 | .0258
A .150 556.2 60.7 1.055 ho3{ .0387
/| 16.8 B |54 |118.9| .600|1,374.6] 1,376 3.2% | 688 .999 | ~-.008| .00%9
B 450 | 1,371.6 516 997 -.025 | .0052
B .300 | 1,368.1 3l 994 -.0kk | L0078
B .225 | 1,%66.6 258 .993 -.053| .010%
B 2150 { 1,377.6 172 1.001 .002 | .0156
B 2100 | 1,391.5 15 1.011 087 .o234
10.3 B |538| 90.2| .600}1,029.8| 1,034 3.21 | 519 996 | -.031| .0051
B 450 | 1,028.8 390 995 -.039 | .0068
B 300 | 1,029.8 260 -.031] .0103
B 225 | 1,031.3 195 997 | -.020{ .0137
B 150 | 1,04%.8 130 1.010 o8| .0205
B .100 | 1,060.7 8.6 1.026 .199 | .0%08
(0 B 536 | 51L.7| .600 521.9 527 3.00 { 246 .990 -.072 | .0098
B 450 522.h 185 991 | -.064| .0131
B .300 528.8 123 1.003 .025 0196
B .225 536.8 92.3 1.019 37 0262
B .150 554.2 61.5 1.052 381 0393
B 2100 576.1 hn.o 1.093 .688 | .0589
16.8 ¢ |53 |111.1 | .600[1,369.2| 1,376 3.36 | 737 .995 |-.039{ .003%%
c 450 | 1,372.0 553 997 | ~.023 | .0052
c .300 | 1,372.9 368 998 -.018{ .0078
c 225 | 1,371.6 276 97 -.025 | .0104
c 2150 | 1,367.3 184 . -.050 | .0156
c .100 { 1,360.5 123 .989 -.089 | .0233
10.3 c 5351 92.2 | .600 |1,041.6 1,034 3.17 | 517 1.007 .056 | .0051
c 450 |1,039.0 388 1.005 037 | .0068
c .300 {1,036.9 259 1.003 .021 | .ox02
c .225 | 1,032.9 194 .999 -.008 1 .0135
c 2150 | 1,026.8 129 .993 -.055 | .0203
c .100 | 1,022.9 8.2 989 -.082 0305
ha c 536 | 56.4 | .600 528.5 527 2.84 | 23 1.003 .020 | .0097
c 450 525 .4 174 997 -.022 | .0129
c .300 520.9 116 .988 -.082 | .0193
c 225 518.9 86.9 .985 -.109 | .0258
c .150 516.4 58.0 980 ~Ah% | L0386
c .100 521.9 38.6 .550 -.069 | .058
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(a) Type A. Ten-to-one source-shaped tube.

S —

(v) Type B. Five-to-one source-shaped tube.
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44} L

-

(c) Type C. Open-ended tube.

Figure 1.- Impact-probe geometry.
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Figure 2.~ Correction factors for impact-pressure measurements.
Supersonic air stream.
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impact probes. Subsconic air stream (0.10 < M < 0.67).
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(a) Nozzle 6. 10.3 pounds per hour; M = 1.86; Re = 288 per inch.
(b) Nozzle 2A. 20 pounds per hour; M = 2.62; Re = 890 per inch.
(c) Nozzle 3. 16.8 pounds per hour; M = 3.35; Re = 1,230 per inch.

Figure 6.- Sample plots of p4 @against l/d. Supersonic air stream.
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(a) Nozzle 6.

Figure T.- Radial distribution of impact pressures. No. 3 wind tunnel.
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Figure 7.- Continued.
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Figure T.- Concluded.
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Figure 8.- Representative groups of impact probes used in supersonic and
subsonic air streams.
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Figure 9.- Subsonic stetic probe. All dimensions are in inches.
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(b) Point 24. M = 0.512; Re = 14.8 (per inch).

Figure 10.- Sample plots of Pi/Ps against l/d. Subsonic air stream.
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Figure 11.- Various presentations of incompressible-fluid theory for a
source-shaped tube. '
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Figure 12.- Function of & normal shock wave. Assumed upstream reservoir
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Figure 14.- Viscous effect on subsonic impact pressures showing probable
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Figure 15.- Graphs of Cue against l/ReQ.
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Figure 15.~ Continued.
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Figure 15.- Concluded.
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Figure 16.- Comparison of various theories.
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Figure 18.- Schematic diagram of McLeod gage.
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Figure 20.- Apparatus for accurately positioning rotating pressure manifold.
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Figure 21.- Schematic sketch of sealing arrangement on rotary prcobe gelector.
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Figure 22.- Radial distribution of impact pressures in nozzle 8.
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(2) 5.2 pounds per hour; M = 3.704; Re = 924 per inch.
(b) 10.3 pounds per hour; M = 3.893; Re = 1,627 per inch.
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Figure 23.- Data from nozzle 8 with probes 0.300 inch off nozzle axis.
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